Abstract: Peatlands can play an important role in the hydrological dynamics of a watershed. However, interactions between groundwater and peat water remain poorly understood. Here, we present results of an exploratory study destined to test radon (222Rn) as a potential tracer of groundwater inflows from fluvioglacial landform aquifers to slope peatlands in the Amos region of Quebec, Canada. 222Rn occurs in groundwater but is expected to be absent from peat water because of its rapid degassing to the atmosphere. Any 222Rn activity detected in peat water should therefore derive from groundwater inflow. 222Rn activity was measured in groundwater from municipal, domestic wells and newly drilled and instrumented piezometers from the Saint-Mathieu-Berry and Barraute eskers (n=9), from the Harricana Moraine (n=4), and from the fractured bedrock (n=3). Forty measurements of 222Rn activity were made from piezometers installed in five slope peatlands, along six transects oriented perpendicular to the fluvioglacial deposits. The relationship between 222Rn and total dissolved solids (TDS) measured in water from the mineral deposits underlying the peat layer suggests that 222Rn is introduced by lateral inflow from eskers and moraine together with salinity. This input is then diluted by peat water, depleted in both TDS and 222Rn. The fact that a relationship between TDS and 222Rn is visible calls for a continuous inflow of groundwater from lateral eskers/moraines, being 222Rn rapidly removed from the system by radioactive decay. Although more research is required to improve the sampling and tracing techniques, this work shows the potential of 222Rn tracer to identify groundwater inflow areas from granular aquifers found in eskers and moraines to slope peatlands. 
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Abstract 23
Peatlands can play an important role in the hydrological dynamics of a watershed. However, 24 interactions between groundwater and peat water remain poorly understood. Here, we present 25 results of an exploratory study destined to test radon ( 222 Rn) as a potential tracer of groundwater 26 inflows from fluvioglacial landform aquifers to slope peatlands in the Amos region of Quebec, 27
Canada. 222 Rn occurs in groundwater but is expected to be absent from peat water because of 28 its rapid degassing to the atmosphere. Any 222 Rn activity detected in peat water should therefore 29 derive from groundwater inflow. 222 Rn activity was measured in groundwater from municipal, 30 domestic wells and newly drilled and instrumented piezometers from the Saint-Mathieu-Berry 31
and Barraute eskers (n=9), from the Harricana Moraine (n=4), and from the fractured bedrock 32 (n=3). Forty measurements of 222 Rn activity were made from piezometers installed in five slope 33 peatlands, along six transects oriented perpendicular to the fluvioglacial deposits. The 34 relationship between 222 Rn and total dissolved solids (TDS) measured in water from the mineral 35 deposits underlying the peat layer suggests that 222 Rn is introduced by lateral inflow from eskers 36 and moraine together with salinity. This input is then diluted by peat water, depleted in both 37 TDS and 222 Rn. The fact that a relationship between TDS and 222 Rn is visible calls for a 38 continuous inflow of groundwater from lateral eskers/moraines, being 222 Rn rapidly removed 39 from the system by radioactive decay. Although more research is required to improve the 40 sampling and tracing techniques, this work shows the potential of 222 Rn tracer to identify 41 groundwater inflow areas from granular aquifers found in eskers and moraines to slope 42 peatlands. 43 44 45
INTRODUCTION 46
Eskers (long, winding ridges of stratified sand and gravel) and moraines (accumulations 47 of unconsolidated glacial debris) are common deglacial morphological features of the northern 48
hemisphere (Clark and Walder, 1994) . They can be sites of unconfined to confined granular 49 aquifers, containing extensive reserves of excellent quality groundwater. Their hydrodynamics 50 are still poorly understood, mainly because of the spatial complexity and heterogeneous nature 51 of the fluvioglacial deposits (Boulton et al. 1995) . 52
Peatlands are wetlands with a thick water-logged organic layer composed of living, dead 53 and decaying plant material. Ombrotrophic peatlands (bogs) are peatlands that are almost 54 exclusively rain-fed and that have a higher water table isolated from the regional groundwater 55 flow. In contrast, fens are usually fed by mineral-rich surface water or groundwater. Slope bogs 56 are bogs that have developed on a sloping mineral bedrock or on sloping sediments (defined in 57 NWWG, National Wetlands Working Group 1997). Due to their geomorphic position, slope 58 bogs are often surrounded by marginal fens which can be strongly connected to surface aquifers 59 and can receive water volumes that are not negligible for the peatland water budget or for the 60 entire ecosystem (Glaser et al. 1997) . The peat system formed by a slope bog and its marginal 61 fen is hereafter named slope peatland. It is important to quantify groundwater input to slope 62 peatlands in order to understand the hydrodynamics of these environments, but this flux is 63 difficult to measure. Existing studies are mainly based on numerical modeling, water level 64 measurements and water chemistry data (e.g., Ferone and DeVito 2004; Price et al. 2005; 65 Ferlatte et al. 2015; Larocque et al. 2016) . 66
Radon (
222 Rn) is a noble gas produced by the radioactive decay of 226 Ra adsorbed on soil 67 grains or contained in minerals composing the aquifers (Cecil and Green, 2000) . The produced 68 222 Rn is then released into the interstitial fluids by a-recoil, diffusion or weathering (Nazaroff, 69
STUDY AREA 96
The study area (860 km 2 ; Fig. 1a ) is located in the Abitibi region of Quebec, Canada. 97
Precambrian rocks forming the bedrock aquifer in the study area are mainly Archean mafic-98 intermediate volcanic rocks and metasediments of the Superior Province. These lithologies are 99 intruded by Archean granites and tonalites and crosscut by gneissic rocks (Weber and Latulippe 100 1964). The bedrock aquifer is characterized by low hydraulic conductivity, for which the water 101 bearing potential increases locally with fractures (Cloutier et al. 2007) . 102
The Laurentide Ice Sheet retreat and deglaciation started in the Abitibi region at ~ 9 ka 103 (Dyke 2004) exposing the Precambrian basement and depositing fluvioglacial sediments to 104 form a regional landform, the Harricana interlobate moraine, along with a very dense network 105 of satellite eskers (Veillette et al. 2003) . Eskers and moraines are composed of chaotic 106 accumulations of pebble, gravel and sand derived from the glacial erosion of the local Archean 107 bedrock (Veillette et al. 2004 ). In the study area, three major fluvioglacial landforms are found 108 from west to east (Fig. 1a) : Saint-Mathieu-Berry (SMB) esker, the Harricana Moraine and the 109 Barraute esker. The SMB esker is 120 km long, 25 to 45 m thick, and 1 to 5 km wide; the 110 Harricana Moraine has a total length of 278 km and a maximum width of 4.4 km; the Barraute 111 esker is about 20 km long, and is buried over most of its length (Fig. 1a) . All of them constitute 112 major granular aquifers (Veillette et al. 2004) . 113
The formation of the proglacial Barlow-Ojibway Lake, and its subsequent drainage 114 towards the Tyrrell Sea 8,200 years ago (Roy et al. 2011) , left behind a thick accumulation of 115 fine-grained glacio-lacustrine sediments, named the Ojibway clay. These sediments belt the 116 flanks of the SMB esker and the Harricana Moraine, and created a confining cover on the buried 117 Barraute esker. Direct recharge occurs in unconfined aquifers of the SMB esker and Harricana 118
Moraine. Veillette et al. (2007) and Boucher et al. (2015) suggested that the southern end of the 119 peatland water flows in the same direction. In the other peatlands (LB1 and LC), water flows 146 from a piezometric mound at station no.2 both into the surface aquifer and towards the peatland 147 center. Vertical hydraulic gradients measured by Ferlatte et al. (2015) suggest that water 148 generally flows downward, i.e., from the peatland to the underlying mineral deposits. Sporadic 149 occurrences of vertical inflows were observed at LB2, SMB and SS (cf. and from two domestic wells in the fractured bedrock aquifer underlying the clay plain (101CH 156 and 55HB; Fig. 1a ). Two wells drilled by the Quebec Ministry of Environment (MDDEP-S and 157
MDDEP-P), one piezometer drilled by the Université du Québec en Abitibi-Témiscamingue 158
(UQAT; PACES 1-03) and one domestic well at the Mont Video camping site were sampled 159 from the Harricana Moraine. The Barraute municipal well was sampled from the Barraute esker. 160
The Amos municipal well and seven piezometers (TSAM-P1, P2, TSSM-P1, P3, P5, PACES 161 1-12, 1-13) drilled and instrumented by UQAT were sampled from the SMB esker. Domestic 162 (55HB and 101CH) and municipal (Landrienne) wells in the clay plain have steel casings to the 163 bedrock, and are open from the fractured rock aquifer to the bottom of the well. All other drilled 164 piezometers have a casing and short screens (1.5 m long, except for well TSSM-P5 (3 m screen) 165
and Barraute (4.6 m screen)). The Amos municipal well is a multi-drain well with casing, 166 consisting of eight horizontal drains extending from the base of the vertical borehole with 167 variable lengths of between 7.2 and 45.8 m and a diameter of 0.2 m. Screens cover between 70 168 and 90% of the horizontal drain length. 169
In 2010, five peatlands (Fig. 1a) were instrumented with transects of six piezometric 170 stations (Fig. 1b) . In each peatland, one or two transects were positioned perpendicular to the 171 peatland margin, in the direction of potential lateral groundwater flow. Transects LB1 and LB2 172 were located 690 m apart and parallel to each other. For each transect, one piezometer was 173 installed in the surface aquifer (station no.1) while nests of two piezometers were installed in 174 the peatland (stations no.2 to 6). The nests were composed of a surface piezometer (referred to 175 as "(p)" for peat), at a maximum depth of 1.1 m in the peat, and a deep piezometer, 40 cm below 176 the mineral-peat interface (slotted section located in the underlying mineral deposits; referred 177 to as "(m)" for mineral). Each piezometer is made up of a 2.5 cm-ID-PVC pipe, slotted over 178 the lower 30 cm and sealed at the base. In the shallow aquifer (station no. 1; Fig. 1b) , the 179 piezometers were installed using an auger and sufficiently deep to ensure that they reach the 180 away from station no.3 respectively (Fig. 1b) (Ferlatte et al., 2015) . Major ions and trace 185 elements were measured from water sampled at each of the stations (Ferlatte, 2014; Larocque 186 et al. 2016) . Ferlatte et al. (2015) (Table A1) Table A1 in the appendix. 242
SN.no4(p), SN.no5(p), SN.no6(p)), the volume of water available was sufficient to be pumpedthrough refrigerator-type copper tubes with stainless steel clamps at each extremity while 245 avoiding contact with ambient air (e.g., Boucher et al., 2015) . A 14 cm 3 volume of water was 246 trapped in the copper tube and then degassed under vacuum at the Noble Gas Laboratory of the 247 GEOTOP to measure noble gas contents. These analyses were aimed at testing whether we can 248 use atmosphere-derived noble gas isotopes 36 Ar, 84 Kr and 132 Xe dissolved in peatland water as 249 an indicator of water degassing and thus be able to relate radon variability in sampled peatlands 250 to local degassing in the peatland system or to the natural variability of radon in water systems, 251 which is very often observed (e.g., Harris et al. 2006) . Water was degassed under vacuum and 252 purified to analyze the single isotopes by using a quadrupole mass spectrometer (QMS) Prisma-253
200C from Pfeiffer®, equipped with a Faraday cup and a channeltron multiplier. The 254 instrument was calibrated daily with a purified air standard. Analytical details on noble gas 255 measurements are reported in Roulleau et al. (2012) . Results are reported in appendix Table A2 . 256 257
RESULTS 258
222 Rn activities measured in esker and moraine groundwater were found to range from 259 2.8 (PACES 1-13; SMB esker) to 12.5 Bq/L (PACES 1-03; Harricana Moraine) ( Table 1) . 260
Groundwater from the fractured bedrock aquifer underlying the Ojibway clay plain shows 261 higher 222 Rn activity, ranging from 14.7 (101CH) to 34.9 Bq/L (Landrienne municipality well) 262 (Table 1 ). The Amos municipal well was sampled twice and the obtained 222 Rn activities were 263 11.1 and 11.5 Bq/L. The TDS ( might represent deeper water, isolated from the atmosphere and having preserved the total 277 amount of dissolved 222 Rn. As mentioned in the "Methods" section, a third consecutive sample 278 of water was taken into copper tubes to measure the atmospheric noble gas composition 279 whenever there was sufficient water (Appendix). Results (Table A2) show that samples 280 LB2.no6(p) and SMB.no6(p) clearly underwent degassing (16-32% and 36-42% of the total, 281 respectively). For all the other samples, degassing was minimal (2-3%) or practically null 282 (Table A2 ), indicating that deeper water is less affected by degassing and that the purged 283 volume of water should be increased to avoid the risk of collecting degassed samples (e.g., with an average concentration of 144.5 mg/L (Table 2) . 292
222 Rn activity in eskers and peat water: comparison with similar environments 295
Very few data of 222 Rn activity in groundwater from eskers and moraines exist in 296 literature. Indeed, the majority of the studies are for soil gas radon carried out for environmental 297 and health issues (e.g., Akerblom et al., 1994) . Results for the current study are compared to 298 the few data existing from shallower wells tapping groundwater from Quaternary deposits 299 (eskers and moraines) in Scandinavian regions. In these regions, fluvioglacial deposits are 300 (Table A2) . Fennoscandian granites and metamorphic rocks are known to contain 310 notable amounts of U (several tenths or hundreds ppm), producing high 222 Rn activity 311 (Frendgstad et al. 2000) . For example, in deep wells drilled directly in the granitic bedrock of 312 the Fennoscandian craton, measured 222 Rn activities are extremely high, with values ranging 313 from 700 to 30,000 Bq/L (Frendgstad et al. 2000) . In the Amos region, the maximum 222 Rn 314 activity from wells tapping water directly from the crystalline basement is 34.9 Bq/L 315 (Landrienne municipality well; Table 1) . 316
In the Amos region, 222 Rn activity expected in esker/moraine groundwater or from the 317 crystalline basement can be estimated from the U content of the rock (0.2-0.9 ppm), using the 318 water from the current study were compared with those from other wetland environments, such 324 as coastal wetlands and mangrove sites (Cook et al. 2003; Cook et al. 2008; Gleeson et al. 2013; 325 Maher et al. 2013; Zarroca et al. 2013 ; Fig. 2b) . 222 Rn activities from these environments can 326 be compared to those from the slope peatlands set on eskers because they are expected to have 327 accumulated some 222 Rn, mainly from radium originating in the mineral substratum and from 328 groundwater 222 Rn. It is clear that this is a first-order approximation because of the different 329 hydrological dynamics that distinguish these wetland environments. The majority of the 330 shallower peat water samples from this study (designated "p" in Table 2 ), show 222 Rn activities 331 lower than 1 Bq/L, similar to the range of activities measured in the other wetland environments 332 (Fig. 2b) . This minimum activity of 1 Bq/L probably translates the equilibrium between 222 Rn 333 produced in the aquifer rocks and that degassed to the atmosphere. Water samples from the 334 mineral substratum of the peatland show 222 Rn activities significantly higher than reported in 335 the wetlands literature (up to 16.6 Bq L -1 ) and comparable to those from the eskers or the 336 fractured bedrock (Table 1) . 337 338
222 Rn and TDS in peatland water as an indicator of water mixing and residence time 339
222 Rn activities recorded in water from the peat (shallower piezometers "p") has an 340 average 222 Rn activity of 0.36 Bq/L, while water from the mineral substratum (deeper 341 piezometers "m") has an average 222 Rn activity of 4.7 Bq/L (Fig. 2b) . The observed difference 342 can be accounted for 1) degassing of radon towards the atmosphere in piezometers located 343 closer to the surface, or 2) dilution from rainwater depleted in 222 Rn.
There is a clear trend between the TDS (salinity) and the 222 Rn activity measured in the 345 mineral substratum water (black dots; Fig. 3 ) which is not present for the peat water samples 346 (white circles; Fig. 3 ). This trend has been observed in studies of groundwater discharge in 347 coastal wetlands (Rodellas et al., 2012) and of coastal aquifer interactions with seawater (e.g., 348
Stieglitz et al., 2010). In the latter case, the observed trend would be the opposite of that 349 observed here, i.e. low salinity, high 222 Rn groundwater mixes with high salinity, 222 Rn-depleted 350 seawater. In order to observe a trend between a conservative tracer such as salinity and a non-351 conservative tracer such as 222 Rn (Fig. 3) (Fig. 3) . This mixing implies that the 359 blurring of the TDS-radon relation in the shallower piezometers can be caused only by 360 degassing of 222 Rn close to the surface. 361
Based on the TDS-222 Rn relationship (Fig. 3) , the TDS of the peat water (i.e. when 222 Rn 362 reach zero at the abscissa intercept) is ~12 mg/L which can be interpreted as a threshold below 363 which there is no more 222 Rn-rich groundwater inflow into the peatland. This threshold is 364 compatible with the independent calculation of 16 mg/L derived by Larocque et al. (2016) for 365 the peat water using major ions geochemistry. Figure 4 summarizes the possible 222 Rn sources 366 and pathways between the eskers and the slope peatlands. 367 368
Limitations and improvements
It is clear from the results of this study that much work remains to be done to improve 370 both the sampling techniques, particularly in the peat layer where the water volumes necessary 371 to reliably detect and measure 222 Rn are limiting. In situ repeated measurements using a portable 372 radon scintillometer would limit the amount of water used and increase the precision of the 373 measurement. The few atmospheric-derived noble gas data obtained in this study suggest that 374 their systematic analyses together with radon will be extremely helpful in determining 375 degassing processes in situ in order to understand the measured variability in radon in repeated 376 measurements. Use of passive diffusion samplers, i.e. devices in which gas diffuses through a 377 semi-permeable membrane connected to a small-volume copper tube (e.g., Aeschbach-Hertig 378 and Solomon, 2013) inserted at the bottom of the peatland piezometers might be ideal for 379 measuring with precision the degassing conditions of the water in the peat layer. Finally, 380 dedicated nests of several piezometers inserted into the peat and the underlying mineral deposits 381 at different depths at each location could be useful to measure 222 Rn activity gradients in order 382 to quantify flows and determine their dominant directions. 383 384
CONCLUSIONS 385
The objective of this work was to test 222 Rn as a potential tracer of groundwater inflow 386 from eskers and moraine to slope peatlands in the region of Amos, Quebec. Table 2 and Ferlatte, 2014) . For the piezometers with an 597 asterisk in Table 2 are the lowest of the five water samples from which sediments could be analyzed. 226 Ra activity 616 apparently increases in sediments where till deposits and clay are present. The highest 226 Ra 617 activity is found in clay sediments (i.e., sample SMB.no3(m)), where the adsorption capacity 618 of radium is the highest. However, SMB peat water is very acidic (pH = 3.9-4.4; Ferlatte 2014) 619 and the sorption capacity of radium is likely inhibited in this sample, as observed in other acidic 620 environments (Pickler et al., 2012) . 621
The 226 Ra activities were used to estimate the activity of 226 Ra-supported 222 Rn in the 622 water samples and the U content of the peatland mineral substratum. Calculated U 623 concentrations in the sediment range from 0.41 (LB2.no2(m)) to 0.82 ppm (SN.no2(m)), with 624 an outlier of 2.52 ppm for SMB.no2(p)) (Table A1) . 625
The 222 Rn contribution from the suspended sediment to peat water in samples 626 LB2.no2(m), LB2.no3(m), SN.no2(m), SMB.no2(p) and SMB.no3(m) ( (Table A1 ). This calls for caution in taking peat water samples so as to avoid as much as 647 possible the collection of suspended material. Filtration during sampling with a large mesh 648 could reduce the collection of larger sediment particles, though this process may be unfeasible, 649
given the limited amount of available water. 650
651
Atmosphere-derived noble gases 652 *: indicates a piezometer that was sampled twice for radon activity **: this sample had gas bubbles ***: TDS concentrations from Ferlatte (2014) 
